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Abstract: If the Lagrangian of nature respects parity invariance then there are two 
distinct possibilities: either parity is unbroken by the vacuum or it is spontaneously 



broken. We examine the two simplest phenomenologically consistent gauge mod- 
els which have unbroken and spontaneously broken parity symmetries, respectively. 
These two models have a Lagrangian of the same form, but a different parameter 
range is chosen in the Higgs potential. They both predict the existence of dark mat- 
ter and can explain the MACHO events. However, the models predict quite different 
neutrino physics. Although both have light mirror (effectively sterile) neutrinos, the 
ordinary-mirror neutrino mixing angles are unobservably tiny in the broken parity 
case. The minimal broken parity model therefore cannot simultaneously explain the 
solar, atmospheric and LSND data. By contrast, the unbroken parity version can 
explain all of the neutrino anomalies. Furthermore, we argue that the unbroken 
case provides the most natural explanation of the neutrino physics anomalies (irre- 
spective of whether evidence from the LSND experiment is included) because of its 
characteristic maximal mixing prediction. 
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1. Introduction 

Parity is a natural candidate for a symmetry in particle physics. The fact that 
experiments have established the V — A nature of the weak interactions does not 
mean that parity cannot be a symmetry of the vacuum. This is due to there being 
no unique definition of the parity transformation in quantum field theory. Parity, by 
definition, takes r to — r and it also transforms left-handed fermion fields to right- 
handed fermions fields. However, since there are many left- and right-handed fermion 
fields, there is no unique definition. It is certainly true, though, that the standard 
model has no definition of parity which can be a symmetry of its Lagrangian. Thus, 
if parity is a symmetry of the Lagrangian of nature, new physics must exist. 

It was realised some time ago that the simplest phenomenologically consistent 
gauge model with both a parity symmetric Lagrangian and vacuum could be con- 
structed by postulating the existence of a mirror sector U (see also Ref. 0). The 
idea was discussed earlier, before the advent of gauge theories, in Ref.0 and some 
cosmological implications were considered in Refs.|3|, [5|, H[. 

Suppose that for each known particle there exists a corresponding mirror parti- 
cle. The mirror particles interact with other mirror particles in the same way that 
the ordinary particles interact with the other ordinary particles, except that mirror 
weak interactions are right-handed (V + A) instead of left-handed (V — A). The 
doubling of the particle spectrum which parity invariance suggests is not particu- 
larly radical in the historical context of particle physics. In particular the repetitive 
generation structure, the existence of antiparticles and the colour tripling of quarks 
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are all familiar examples. Of these examples, Dirac's prediction of antiparticles from 
the requirement of Lorentz invariance is perhaps most analogous to the prediction of 
mirror particles from parity invariance (parity being an improper Lorentz transfor- 
mation). Although the number of particles is doubled, it turns out that the number 
of parameters increases by only two (in the minimal version), making it the simplest 
(non-trivial) known extension to the standard model. 

It turns out that in the minimal model, which has one Higgs doublet and one 
mirror Higgs doublet, the Higgs potential allows two non-trivial minima |7j]. One 
minimum leaves parity unbroken by the vacuum, and the other has it spontaneously 
broken. The purpose of this paper is to compare and contrast the physics resulting 
from the two different vacuum solutions (which effectively can be considered two 
different theories) . Both theories are phenomenologically consistent and are therefore 
possible extensions to the standard model. The mirror atoms/baryons in both cases 
provide plausible candidates for the dark matter in the universe. However, neutrino 
physics should be able to distinguish the two theories as we will show. 

2. The Lagrangian and the two vacua 

Let us begin by briefly reviewing the model (for full details see Ref. [||). Consider the 
minimal standard model Lagrangian C%. This Lagrangian is not invariant under the 
usual parity transformation so it seems parity is violated. However, this Lagrangian 
may not be complete. If we add to Ci a new Lagrangian C 2 which is just like £1 
except that all left-handed (right-handed) fermions are replaced by new right-handed 
(left-handed) fermions which feel new interactions of the same form and strength, 
then the theory described by £ = L\ + C 2 is invariant under a parity symmetry 
which induces L\ <-> C 2 - In addition to these Lagrangian terms, there may also be 
parity invariant terms which couple or mix ordinary matter with mirror matter. We 
label this part of the Lagrangian as Ci n t- The terms in Ci nt are very important since 
they lead to non-gravitational interactions between ordinary and mirror matter and 
hence allow the idea to be experimentally tested in the laboratory. These terms also 
contain the only new parameters of the model. In the minimal case, only two terms 
exist in £i nt because of the constraints of gauge invariance, parity invariance and 
renormalisablility. For this reason the minimal model has only two new parameters 
beyond those of the minimal standard model. 
The gauge symmetry of the theory is 1 

SU(3) ® SU{2) ® £7(1) ® SU(3)' ® SU{2)' ® £7(1)'. (2.1) 

1 Of course, grand unified alternatives such as SU(5) (g> SU(5), SO(10) ® 5*0(10) and so on are 
also possible. Such alternatives predict similar low energy physics (see for example Refs.[§§). The 
idea may also be compatible with string theory (Eg ® Eg) and with large extra dimensions II, 
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There are two sets of fermions, the ordinary particles (denoted without primes in 
the following) and their mirror images - the mirror particles (denoted with primes). 
The fields transform under the gauge group of Eq. (|2.1|) as 



I'l ~ 


(1,2,-1)(1,1,0), 


fk ~ 


(1,1,0)(1,2,-1), 


e R ~ 


(1,1,-2)(1,1,0), 


e' L ~ 


(l,l,0)(l,l,-2), 


Ql ~ 


(3,2,1/3)(1,1,0), 


Qr ~ 


(l,l,0)(3,2,l/3), 


u R ~ 


(3,1,4/3)(1,1,0), 


u' L ~ 


(1,1,0)(3, 1,4/3), 


d R ~ 


(3,l,-2/3)(l,l,0), 




(1,1,0)(3, 1,-2/3) 



with generation indices suppressed. The Lagrangian is invariant under the discrete 
Z 2 parity symmetry defined by 2 

r — > — r , t — > t, 
C^G'^ W^W'^ B"^B'^ (2.3) 
Sl 7o/h, e fi «-> 7 e L , g L «-> 7 <?^ "fl «-> 7o«z> tfo <-> lod' L , 

where G M (G"' 1 ), W* (W'») and 5^ (5'^) are the gauge bosons of the SU{3) [577(3)'], 
SU{2) [SU{2)'\ and U(l) [U(l)'] gauge forces respectively. The minimal model con- 
tains two Higgs doublets, 

0~(1,2,1)(1,1,O), 0'~(1,1,O)(1,2,1), (2.4) 

which are also parity partners. 

The most general renormalisable Higgs potential can be written in the form 

V((f>, 0') = A+(0ty + 0'V - 2u 2 ) 2 + \_($<j> - 0'V') 2 , (2-5) 

where A± and u 2 are real parameters. This Higgs potential furnishes only two vacua 
when u 2 > 0. For the region of parameter space defined by A± > the vacuum 
expectation values (VEVs) of and <fi' are equal and so parity is unbroken. (With 
the Higgs potential written in the above form this is manifest because the potential 
is non-negative, and equal to zero for this vacuum solution). Gauge invariance allows 
us to write the vacuum in the form 

<0> = <0') = (2-6) 

Interestingly, a simple analysis shows that there is a qualitatively different min- 
imum which occurs in the region of parameter space defined by 

A+ + A_ > and A_ < 0. (2.7) 

2 By virtue of standard CPT invariance the theory also possesses time reversal invariance (which 
can be defined to be the product of the above parity transformation with the usual CPT transfor- 
mation) |IJ . The theory is therefore invariant under the full Poincare group, including all improper 
Lorentz transformations. 
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The vacuum solution now has one VEV nonzero and the other zero 0. In this region 
of parameter space, parity is broken spontaneously. This can be made manifest 
by rewriting the Higgs potential in terms of the parameters Ai = A + + A_ and 
A 2 = -4A_, 

V{<f>, 0') = Ax(0V + 0'V - u\) 2 + A 2 (0WV) (2.8) 

where 

Written in this way, for Ai j2 > 0, the vacuum solution 

(</>)= u B , (0') = O, (2.10) 

or 

(</>) = 0, (<f>')=u B , (2.11) 

is manifest since the Higgs potential is non-negative, and equal to zero for these two 
degenerate vacua. In the spontaneously broken parity model we adopt the solution 
of Eq.( p.lO|) for defmiteness. Notice that the parameters must be adjusted to make 



u and ub both numerically equal to the observed electroweak symmetry breaking 
VEV (but not simultaneously, of course). 

Let us examine the mirror particle spectrum of these two theories. In the unbro- 
ken mirror model [the one with the vacuum of Eq. (|2.6|) ] all of the mirror fermions 
and mirror gauge bosons have the same mass as the corresponding ordinary fermions 
and gauge bosons. 

In the broken mirror model [the one with the vacuum of Eq. ( 2. ldf) ] it seems that 



the mirror fermions and the mirror gauge bosons are all massless because they all 
couple to cf)' which has a vanishing VEV. However, dynamical effects from mirror 
QCD induced condensation will induce a small mass for the mirror weak bosons, W 
and Z' , as well as a tiny VEV for 0', and hence tiny masses for the mirror fermions. 
The latter effect is induced by the Yukawa coupling terms h q q' R q' L cf)' + if. a, where h q 
is the Yukawa coupling constant for quark flavour q. Mirror QCD interactions cause 
the mirror quark bilinears to have nonzero vacuum expectation values: (q'q') = A' 3 
where A' ~ 100 MeV is the mirror QCD dynamical chiral symmetry breaking scale 
[0]. The resulting linear term in cf)' effectively contributes to the Higgs potential so as 
to induce a small VEV, given by (</>') ~ htA^/m^,. Note that the largest contribution 
to the linear term comes from mirror top quark condensation due to the relatively 
large Yukawa coupling constant h t . Further details have been given in Ref. 0. 
The result is the following particle spectrum: 

• The W and Z' bosons will have masses of order A' ~ 100 MeV. 

• The four physical mirror scalars (two complex scalars <p' + and <j)'°) will be 
approximately degenerate with mass ub- 
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The mirror fermions if}' will have masses given by 

V) g 2 m t A' 3 



m^i = km^p where k 



((f)) 2 m 2 w ml, 

where g is the SU{2) gauge coupling constant, mw is the ordinary W boson 
mass, and is the mass of the corresponding ordinary fermion if). Using the 
rough estimates g 2 ~ 10 _1 , m t ~ m\y ~ 10 2 GeV and A' ~ 0.1 GeV, we see 
that k ~ 10~ 6 (GeV/m^) 2 . For example, if my ~ 10 2 GeV, then k ~ 1(T 10 . 
This means that the masses of the mirror fermions can range from about 10 eV 
for the mirror top-quark to 10 -4 eV for the mirror electron. As this example 
illustrates, we expect k to be quite small (~ 10~ 10 ). Its precise value, however, 
cannot be specified because depends on the free parameter A 2 . 

3. Phenomenology 

If the solar system is dominated by the ordinary particles (and this is expected 
theoretically as we will discuss shortly), then both of these theories agree with present 
experiments. (An extension to incorporate nonzero neutrino masses and mixings 
must be performed to get agreement with the neutrino deficit experiments.) These 
ideas can be tested in the laboratory because of the terms in Lint- In the simplest 
case that we are considering at the moment (where L\ is the minimal standard model 
Lagrangian), there are just two gauge and parity invariant and renormalisable terms 
in dnt- They are: the Higgs potential term 

2(A+-A_)0 t #'V (3.1) 

contained within Eq. (|2.5|) , and the gauge boson kinetic mixing term 

ooF^F'^ (3.2) 

where F^ v = d^B u — d u B^ is the field strength tensor for the £7(1) gauge boson, and 
F' is its mirror analogue. 

The main phenomenological effect of the term in Eq.( |3.1|) is to modify the in- 
teractions of the Higgs boson. This effect will be tested if or when a Higgs boson is 
discovered. For the unbroken case, the implications of the Higgs mixing term have 



been discussed in Refs.[[l], [10], [TT|| . In the spontaneously broken case, the ordinary 
physical neutral Higgs boson H couples via cubic and quartic terms to the mirror 
Higgs doublet <fi': 

C H(j>l = 2V2(X 1 + ^ubH^W + (Ai + ^A 2 )tf W- (3-3) 

An experimental lower bound can be derived for Ai by observing that 

A! = ^ * 0.2 (3.4) 
2u B 
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where the experimental lower bound on the standard model Higgs boson mass of 
roughly 90 GeV has been used. This bound is valid even if H decays invisibly fL2 
into mirror matter (via H — > <f>' '</>')■ Thus the cubic and quartic ordinary - mirror 
Higgs interactions are necessarily quite large in the spontaneously broken model since 
A2, being a positive quantity, cannot be fine-tuned to make Ai + (1/2)A2 — 0. It is 
also interesting to observe that there is no ordinary - mirror Higgs mass mixing in 
the spontaneously broken model. These remarks will be important when we discuss 
cosmological implications below. 

The main phenomenological effect of the kinetic mixing term in Eq.( |3.2| ) is to 
give small electric charges to the mirror partners of the ordinary charged fermions 
[0, H|, In the case where the parity symmetry is unbroken, photon - mirror 

photon kinetic mixing leads to orthopositronium - mirror orthopositronium oscil- 
lations 0. There is interesting evidence that these oscillations have actually been 
observed experimentally [14]. However, this tantalising result needs experimental 
confirmation. 

If neutrinos are massive, then this will allow an important window on the mirror 
world which was first realised in 1991 [Hj. This is because Ci n t can contain neutrino 
mass terms which mix the ordinary and mirror matter. 3 A remarkable, but very 
simple, result is that if ordinary and mirror neutrinos mix at all then the resulting 



neutrino oscillations must be maximal if the parity symmetry is unbroken |TI| [15 
To see this consider the electron neutrino. If there is no mirror matter, and if 
inter generational mixing is small as in the quark sector, then the weak eigenstate 
electron neutrino is approximately a single mass eigenstate. However if mirror matter 
exists, then there will be a mirror electron neutrino v' e . The most general mass matrix 
consistent with parity conservation [Eq.(5)] is 



( m 


m! \ 






m / 


A. 



+ H.c. 



(3.5) 



where the masses can be taken as real without loss of generality. This mass matrix has 
the above form whether the neutrinos are Majorana or Dirac states. Diagonalising, 
we easily obtain that the weak eigenstates u e and v' e are each maximally mixed 
combinations of mass eigenstates: 



V2 



V2 



(3.6) 



where v± and v± are the mass eigenstates. Thus, the effect of ordinary matter 
mixing with mirror matter is very dramatic. No matter how small (or large) the 
mass interaction term is, the mixing is maximal. This result immediately leads to 



3 Note that if electric and mirror electric charges are conserved, then it is not possible for £j nt 
to contain mass terms mixing the charged fermions of ordinary matter with those of mirror matter. 
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a beautiful and natural explanation of the neutrino physics anomalies [|10| , |15| : The 
solar anomaly is due to maximal v e — > v' e oscillations, the atmospheric anomaly is 
due to maximal — > v' oscillations, while the LSND anomaly can be accomodated 
through small intergenerational mixing between the first and second families. Max- 
imal mixing can be considered a "smoking gun" for unbroken parity invariance in 
nature! 

For the broken parity case, the maximal mixing feature between the ordinary 
and mirror neutrinos is completely lost. In fact, the mixing angles between any 
ordinary neutrino and its mirror partner will be suppressed by the tiny parameter 
k = (0')/ (0). To see this, it is simplest to think in terms of effective operators. At 
the dimension-5 level the relevant terms are 



r - a 



b - n 



f L <P c <P\hT + f' R <P' c <P\f R ) c \ + mIl<P c (TO + H.c, (3.7) 



where M is a high scale, perhaps the seesaw scale. The resulting effective low energy 
Majorana mass matrix yields a mixing angle of order k. A 

So, although the minimal broken mirror model provides a nice rationale for 
light effectively sterile neutrinos, then can play no observable role in neutrino phe- 
nomenology! In particular, the solar, atmospheric and LSND anomalies cannot be 
simultaneously resolved. Furthermore, the possible scenarios for explaining the so- 
lar and atmospheric results involve the ordinary neutrinos only, and thus have no 
novel features. The predictivity of the unbroken mirror model for neutrino physics 
is totally absent in the broken version. 



4. Astrophysics and cosmology 

In both theories, the lightest mirror baryon is stable and provides a natural candidate 
for the inferred dark matter of the universe. Mirror matter will behave like cold dark 
matter on large scales, but the self interactions will modify the physics on small 
scales. In the unbroken case, the interactions and masses of the mirror particles are 
completely analogous to the ordinary particles. The lightest mirror baryon in this 
case is, of course, the mirror proton. This case has been studied in Refs.0, |IE| 
where it was argued that the mirror particles provide a plausible candidate for the 
dark matter of the universe. It was also shown that the mirror matter may be 
segregated from ordinary matter on distance scales much larger than the solar system 
but may be well mixed on the scale of galaxies. Interestingly, there is observational 
evidence that some of the dark matter in our galaxy is in the form of invisible stars. 
This evidence comes from the MACHO candidates obtained from the microlensing 
observations of stars in the Large Magellanic Cloud |17j . These observations support 
the existence of mirror matter since mirror matter naturally forms star mass sized 

4 Onc of the authors (RRV) thanks K S Babu for emphasising this point in conversation. 



7 



objects JjlJ. There are also a number of other interesting cosmological implications 



of the unbroken mirror world which are discussed in Ref. 19 



In the spontaneously broken mirror model, we expect the lightest mirror baryon 
to be (mirror) electrically neutral. We will call it the mirror neutron. It is the lightest 
mirror baryon because the mirror up quark - down quark mass difference is negligible 
(<^C eV), so the mirror proton - mirror neutron mass difference is dominated by the 
electromagnetic corrections. This means that the mirror proton would be expected 
to be a few MeV heavier than the mirror neutron. Thus, mirror neutrons would be 
stable and form the mirror dark matter. In the broken model, the mirror pions will 
have very small mass ~ y/kra^ ~ 1 keV. This will significantly increase the range 
of the mirror strong interactions. In view of this it seems quite plausible that the 
interactions of the mirror neutrons of the spontaneously broken mirror model will 
be strong enough and dissapative enough to cause the collapse of a mirror neutron 
gas into into mirror stars/planets and the like. The spontaneously broken model 
may therefore also explain the mysterious MACHO population inferred from the 
microlensing observations (although perhaps not quite as naturally as the unbroken 
model). 

Of course, observations suggest that the amount of cold dark matter needed 
may be significantly greater than the amount of ordinary baryons in the universe. 
This feature is not inconsistent with an exact mirror symmetry when one realises 
that microscopic symmetries do not always lead to macroscopic symmetries. Thus, 
the number of mirror baryons in the universe need not be exactly the same as the 
number of ordinary baryons even if the microscopic parity symmetry is unbroken. It 
is, however, most plausible for the number of mirror baryons in the universe to be of 
the same order of magnitude as the number of ordinary baryons. On the other hand, 
the moderately successful Big Bang Nucleosynthesis (BBN) predictions suggest that 
the temperature of the mirror plasma was somewhat lower (a factor of two would 
suffice) than the temperature of the ordinary plasma during the BBN epoch. The 
temperature difference between the ordinary and mirror matter can be ascribed to 
unknown physics at early times or divine intervention. Specific mechanisms based 
on inflation have been studied in Refs.[^, [H], |2T| . 

Of course for consistency it is important that the non-gravitational interactions 
between the ordinary and mirror particles be small enough so that they do not 
populate the mirror sector and wipe out the temperature difference. We will consider 
in turn the three generic effects of Ci nt : photon - mirror photon kinetic mixing, 
neutrino - mirror neutrino mass mixing, and Higgs boson - mirror Higgs boson 
interactions and mixing. 

A stringent constraint from BBN was derived some years ago on the photon - 
mirror photon kinetic mixing parameter u ||. Little more needs to be said about 
this here, except to note that the bound is only as robust as the BBN scenario itself. 

The BBN bounds on neutrino to mirror neutrino oscillations in the symmetric 
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mirror model have been discussed at length in the literature pl| . The important 
point is that large relic neutrino asymmetries will be generated by ordinary to mir- 
ror oscillations (just as for ordinary to sterile oscillations) p2| provided that the 
oscillation parameters are in the appropriate range. The large asymmetries can then 
suppress mirror neutrino production because the matter effect depresses the effec- 
tive mixing angle In the broken mirror model, mirror neutrino production is 
automatically very suppressed by the tiny mixing angles whose origin was explained 
above. 

We now need to derive consequences for BBN due to Higgs boson - mirror Higgs 
boson coupling and mixing. The consequences actually depend on cosmology at 
temperature scales much higher than those of BBN. It is simplest to discuss this 
issue within the context of inflationary cosmology, even though the existence of an 
inflationary epoch has yet to be observationally established. Suppose first of all that 
the reheating temperature Trh of the ordinary plasma was at least several hundred 
GeV. Recall that inflationary scenarios can be constructed to provide asymmetric 
reheating for the ordinary and mirror plasmas: T' RH < T RH [16], [2Qfl . Will subse- 
quent ordinary - mirror Higgs interactions force the mirror plasma temperature T" 
to equal the ordinary plasma temperature T? In this case, electroweak symmetry is 
presumably restored and the ordinary Higgs doublet is a component of the ordi- 
nary plasma. The relevant process to consider is therefore <p*(f) — > <p'*<j)' scattering. If 
we want the rate for this scattering process to be less than the expansion rate of the 
universe for all temperatures above the phase transition temperature, the stringent 
constraint [§, |4j] , 

A+ — A_ = Ai + ^A 2 ~ 3 x lO- 6 /^, (4.1) 

must be satisfied. For the symmetric mirror model, this constraint can be met by 
requiring the two positive parameters A + and A_ to almost cancel. 5 Once this has 
been done, the bound of Eq. ([4. 1|) also suffices to prevent ordinary - mirror plasma 
thermal equilibration by Higgs boson processes occurring after electroweak symmetry 
breakdown. For the broken mirror model, this constraint can never be satisfied, 
because A 2 is positive and Ai is bounded from below as per Eq. ( |3.4j ). Thus, if T RH is 
higher than the Higgs boson mass scale, then the ordinary and mirror plasmas must 
come to thermal equilibrium, making the model incompatible with standard BBN. 



The relevance of the bound in Eq. ( |4.1|) was recently re-examined in Ref.[ll| for 
the symmetric mirror model case. It was pointed out that the T R h could be much 
lower than the electroweak phase transition temperature. If so, then the bound in 
Eq.( ^.l| ) is irrelevant. Instead, a weaker bound pertains which arises from Higgs bo- 
son - mirror Higgs boson mass mixing after symmetry breaking. See Ref . |Tl[| for full 



5 This is actually technically natural because the combination A + — A_ is just the coupling 
between the ordinary and mirror scalars which if zero would increase the symmetry of the theory 
(separate global Lorentz groups for the ordinary and mirror sectors). 
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details, and in particular for a discussion of the dramatic Higgs boson phenomenology 
that could be discovered by the Large Hadron Collider if this scenario is correct. 

Using similar reasoning, the broken mirror case can be made compatible with 
BBN if the reheating temperature is less than the Higgs boson mass scale. However, 
after the electroweak phase transition 6 the cubic term in Eq.( |3.3j ) will induce the 
process 

bb -> ft' ft'. (4.2) 
Using dimensional analysis, the rate for this process is 

r = a(A! + JA^^^VT 11 (4.3) 

where a is a numerical factor expected to be in the range 0.1 — 10. Requiring this 
rate to be less than the expansion rate 7i ~ T 2 /Mp, where Mp is the Planck mass, 
we obtain the rough bound 

Ai + -A 2 ~ j^—j=T rh ~ 100 (^Y^-q-^J {^) , (4-4) 

where is now a generic Higgs or mirror Higgs boson mass scale. We see that the 
bound is quite weak for reasonable with the reheating temperature in the 10's of 
GeV range. 

As our final comment on the cosmology of the broken mirror model, we address 
the issue of a possible domain wall problem. Superficially, it appears that this model, 
like other models with spontaneously broken discrete symmetries, would present a 
serious domain wall problem if the electroweak phase transition actually took place. 
While this potential problem can be solved by postulating a sufficiently low reheat- 
ing temperature as considered above, we will argue that for this particular model 
the domain walls are necessarily unstable even if the electroweak phase transition 
occurred, provided that the radiation-dominated phase of the universe was never 
hotter than m<p. This is because of our expectation that the ordinary and mirror 
plasmas will have different temperatures in order to achieve successful BBN. The 
asymmetric temperatures will cause asymmetric finite temperature corrections to 
the Higgs potential. Although the two parity breaking vacua are degenerate at zero 
temperature, they will not be degenerate for any finite T and T" if T ^ T' . The 
different energy densities in the domains on either side of a wall should cause the 
wall to collapse due to the ensuing pressure differential. Of course, because of the 
bound in Eq. ( |4.1|) , the reheating temperature must still be constrained to be less 
than 777.0, otherwise T' < T cannot hold at lower temperatures. 



3 Note that this phase transition can be eliminated by having a sufficiently low Trh ■ 
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5. Next-to-minimal broken mirror model 



Several years after the unbroken and spontaneously broken mirror models were intro- 
duced, another type of mirror model was discussed in Ref . |25) (and some cosmological 



implications discussed in Ref.|26|). These authors modified the minimal models [p], [7| 
discussed here by postulating an additional scalar particle. This allows k = (</>') / (0) 
to be a free parameter p5| , in contrast to both the unbroken and broken incarna- 



tions of the minimal model. While this model is distinct from the minimal mirror 
models, it is not quite as predictive because it is has more free parameters (especially 
the mirror symmetry breaking scale). It has also been used to address the neutrino 
problems, (with the v e —>■ v s small angle MSW solution |27]] to the solar neutrino 



problem and — > v T solution to the atmospheric neutrino anomaly) [p5f[ , as well as 
the dark matter and MACHO problems flSfl . 

6. Concluding remarks 

The hypothesis of mirror matter allows one to write down a phenomenologically 
tenable gauge model with parity (and in fact the full Poincare group) as an exact 
symmetry of both the Lagrangian and the vacuum state of nature p|. Interestingly, 
the same Lagrangian supplies also a parity asymmetric vacuum state for a certain 
range of parameters 0. The phenomenology, astrophysics and cosmology of both 
incarnations of the minimal mirror model have been examined in this paper. 

One of the most urgent tests of these ideas lies with neutrino physics. The un- 
broken or symmetric mirror model features maximally mixed pairs of ordinary and 



mirror neutrinos [10, 15]. For terrestrial experiments, mirror neutrinos are effectively 
sterile states. The most natural solution to the atmospheric neutrino anomaly uses 
maximal — > v' oscillations, while the solar neutrino anomaly is most attractively 



solved through maximal v e — > v' e oscillations [10, [15[ . From an experimental per- 
spective, this is a combined maximal — > v s and v e — > v' s scenario. While neither 
of these solutions currently provide a perfect fit to the experimental data, they are 
broadly consistent with the atmospheric [f^| and solar experiments ||29|| . Observe 
that if it turns out that the atmospheric neutrino anomaly is due to — > v T os- 
cillations then this, by itself, cannot rule out the unbroken mirror matter model. 
It just means that the — > v' oscillation length - which is controlled by a free 
Am 2 parameter- is much greater than 10, 000 km for atmospheric neutrino energies 
relevant to the experiments. 

The forthcoming neutral current measurement from SNO will be a crucial test of 
the v e — > u' e solution to the solar neutrino problem. Efforts to discriminate between 
the Up — > v s and —>■ v T solutions to the atmospheric neutrino anomaly, both from 
the MINOS and CERN - Gran Sasso long baseline experiments and possibly from 
Super Kamiokande itself, will also be important. While SuperKamiokande claims to 
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disfavour the — > v s or v' solution on the basis of a preliminary analysis f30| , we 
have to wait for a detailed account of their analysis procedure in order to judge the 
robustness of this preliminary conclusion. The Miniboone experiment will also be 



important, because its ability to check the LSND result [[H|] will also confirm or dis- 
confirm the latter's indirect evidence for a light sterile neutrino. If the participation 
of a light sterile state in the neutrino anomalies is confirmed by future data, then 
the minimal broken mirror model will certainly be ruled out. 
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